INTRODUCTION
[rapwtl-zpinch-6 /7/09-1 magnetohydrodynamic ( MHD ) deformations. Linear, ideal (zero resistivit.y ) MHD theory predicts3 -s reduced growth rates, or even stability for the m = O mode, if the current profiles are sufficiently diffuse. Minimum pressure profiles for which the m = O nlode is 4'5 The stabilizing effects of external gss ideally and linearly stable have been reported, pressure4 or finite ion Larmor radiuse have also been suggested, The development of improved high-voltage, pulsed-diagnostic, and pi:lcll-forlllatioll techniques together have led to improved results for the DZP7 and an emanced appreciation for the impact of formation conditions and plasma profiles on the pinch behavior. Recent DZP experiments at Los Alan~os8~g and at the Naval Research Laboratory 10 have initiated high-voltage discharges through small-radius ( 10-40 pm), solid-deuterium fibers. These I = 0.3-0.6 MA experiments do not observe the m = 1 kink instability, and the m = O sausage instability y is suppressed for 100s of Alfv6n transit times across the pinch radius as long as the plasma current is increasing (~> O). While transport and stability analysesl 1'12 are being conducted using three-dimensional resistive models in both linear aud non-linear regimes, the stability of these fiber initiated DZPS remains enigmatic, indicating the in~portance of formation method, pinch profiles, local (edge-plasma) dissipation, and dynamic stabilizing mechanisms. Activities organized to resolve these unknowns have recently been summarized. 1s Even more recently, 14 a Z-pinch workshop has summarized progress in this area.
These recent. experimental and theoretical results warral:t the examination of' the potential and possible characteristics of the DZP as an intense source of DT neutrons for fusion nuclear technology testingls'10 and other uses. 17 While a number of fusion reactor scoping studies of the D'ZP have been reported, '8-21 tbe potential of this approach as a small but intense source of fusion neutrons represents a more near-term application. A simplified malytic model 19*2 1 of the DZP has been used to examine parametric tradeoffs between plasma physics requirements, fusion neutron fluxes and currents, available test volume at a given neutron flux, and a range of operational characteristics, This early modeling effort assumed that the pinch current, is increased in a way to assure a constant plasma radius and a balance between magnetic-field pressure and the plasma pressure;
flat density and temperature profiles were awnmed, alpha-particle heating and pressure was ignored, and the main cievice performance was characterized b;f either the llumher of Alfv6n times,~A ==~orDdt/7A, across a pinch of radius a, (TA = U/VA and UA is the Alfv&s ped ) or the plasn)a current rise rate, 1, [ lnder tlmm idealimd cquilbritm conditon, when the ohmic heating equals tl~e Bretlllllsstrallltlllg Iossm, the pinch operates at the Pmse- sufficient ly detail to allow a preliminary economic and performance (e.g., test volume at. a given neutron flux ) evaluation to be made in Section 4. Preliminary conclusions are given in Section 5. Figure 1 depicts the DZP as a linear filament. of plasma through which is passed an axial current of sufficient magnitude both to heat the pinch through Ohmic dissipation and to confine the resulting plasma pressure, N 2 nka 2', by the self magnetic fields associated wit h the axial plasma current. The combination of plasma heating and confinement in a linear geometry (10-30 pm radius x 0.05-0.10 m length) renders the DZP an elegance not eujoyed by most magnetically confined fusion systems. It is for this reason that the DZP was one of the earliest pl~llla-col]fillelllellt.
ESSENTIAL ELEMENTS OF THE DZP
schemes examined in the quest to control thermonuclear fusion. 1 The methods of forming these early pinches by means of fast inlplcmion of current sheaths formed on the surface of the pinch gave rise to the two basic instabilities illustrated schematically on Figure 2 . These instabilities along with impurity influx from the solid electrodes at each end of the pinch forced fusion research into directions that: (a) embedded axial magnetic fields for stabilization (of the m = O mode); and (b) eliminated the electrodes by forming the combined axial and encircling magnetic-field structure into a torus. Plasma stability and longevity was thereby achieved, but at the cost of simplicity and elegance.
Recent interest in the pulsed DZP has been centered on new ways t.e form a diffusecurrcnt pinch (e q,, minimizing the radial sharpness of the current sheath) by applying a large volt age across a hair-like fiber of frozen deut.erium (or DT in the case of the neutron source being considered herr ). The resulting pinch, which so far have passed 100s kA through a filament of 10s jim in radius, have shown surprisingly long stable times as long as the plaama current is rising ( I~1012A/s).
Tlw time theoretically needed for this solid-fiber pinch to bewme unstable t~the kinds of distortions depicted in Figure 2 is on the order of a/uA; these modern DZPS have shown stability for NA~100u of these Alfv4n tran8it. tinle8, with vallletl of~A .? 1, 000 being the goal for the neutron source application.
Tlw almncc of thr m = O instability call be cxphtinrcl by profile tdlects,z bui th? length of stablr times for the m = 1 (kink) instability remains sonwwhat a puzzle and mlccrtainty for rxtrapolat.ion of tlw DZP to high-Q fusion-burn conclit,ic!is. Explanations Whatever the actual stabilization mechanisms active in the DZP, the experimentally observed stability in the modern DZP has been sufficiently reassuring to justify the construction of two major "proof-of-principle" experiments at the Naval Research Laboratory and at the Los Alamos National Laboratory. Table I summarizes the main parameters of each device, and Figure 4 gives a schematic diagram for each. The ZFX and HDZP-11 experiments are complimentary, with the NRL device operating with a slower current.
rise rate (5 x 1012 A/s) and a somewhat higher-radius fiber (30-50 pm.). At the heart of each de~-ice is a Marx-bank-driven fast energy store (a water capacitor for NRL, a waterfilled transmission line for Los Alamos), and each has the planning and capability to use DT fibers. These devices, in size, energy, and cost, are prototypical of the DZP neutron source being proposed herein. In fact, the cost. of constructing the Los Al~ios HJ3ZP-11 experiment provides a realistic cost basis for estimating the DZP-bamd neutron source (Section 4). The technological challenges of operating this pulsed neutron source (10-100
Hz, 10-100 ns pu!se width) are addressed cpmlitatively in Section 4, although considerably more work is required to resolve the technological issues reiated to 10-100 Hz pulse rates . required of a SN > 101*n/s DZP neutron source, 
Model
The time-dependent., multi-species, profile-averaging (zero-dimensional ), circtlit.-driven plasma model used to simulate reversed-field-pinch reactor phMnmS25 was modified to describe the DZP. A designated fraction of the energy associated with charged-particle fusion reaction products is deposited in the plasma, plasma enthalpy end losses are simulated as parallel electron conduction over regions of the plasma where the electrons are demagnetized, line-density depletion by fuel burnup is included, a range of plasma profiles consistent with the usual (VP =~" x B) ecluilibrium is included, and the radial transport of energy from the pinch other than radiation (line, cyclotron, and Brernsst.rahlung radiations) is zero. Generally, axial energy transport by electron conduction is dependent on profile assumption, but is small, and the majority of the alpha-particle energy may be retained by the pinch. 26 A c!assical electrical resistivity was assumed with ZCff = 1, except as modified by alpha-particle accumulation. The complex process of fiber melting und plasma format ion27 was not modeled.
A range of plasma pressure/current profiles was examined in order to understand better the impact of possible stability constraints,3~4' 11'12 as well as the impact on the overa!l pinch dynamics and overall performance; these profiles were assumed to be frozen into the ll<,~'p, 1, -~n (rf(//,. /(l) , J) (3) [r@pcwt]-apinch-6 /"?/S9a range of "horizontal" and "vertical" gap inductances are computed, with the ratio fõ f stray to piasma inductances being con~puted that is consistent with the requirements of the main insulator stack ( Figure 5 ) and magnetic insulation.
Given the required field energyv
and a transfer efficiency, 7wL, the waterline capacitance can be computed from
The length of the waterline is determined from the following expression for the discharge time:
where c is the speed of light in vacuum, COis the permittivity of free space, and c is the the dielectric constant of water. From these expressions the ratio Ri/Ro can be computed.
Finally, the following expression has been developed imperially by waterline designerszg that relates the waterline standoff distance, RO -Ri, to the applied voltage, Vp, the tinle of voltage standoff, TL, and the electrode area available for breakdown, Aw cx 27rtw < R >, where < R > in the logarithmic average radius:
The results of a parametric evaluation of this waterline model are shown in Figure 7 , where it has been assumed that R1 = Ri / 2 and Rz = (3/4)Ri ( Figure 5 ). The electrical circuit is modeled as being composed of the coupled waterline/plasma elements depicted in Figure  8 .
Results
As noted previously, the following processes that, can impact, device performance: both the peaked ( Kadorntsev) and polynomial ( "poly" ) profiles, with and without alphaparticle heating; the results of the previously described analytic (constrained radius) model are also shown. Figure 12 shows the computed dependence of Qp and SN on peak plasma current; the strong dependence reported from experiment. 1°is noted.
The general behavior with or without the inclusion of alpha-particle heating is similar bet ween profiles for the fixed conditions assumed ( f~= 0.5, aO = 15 pm, N =
3.88( 10)19 WZ-1).
For the Kadorntsev profiles, go~, M = 6.7, gBR = gDT = 6.5, and (goHM/gBR) * = 1s02, where the latter ratio is Proportional to the equilibrium' (~= 0) Pease current, I,q; these profile factors for the polynomial profiles (v = 32) are 3,76, 1.06, and 1.88, respectively. Hence, without alpha-particle heating, the stronger Ohmic heating early in the current transient gives a larger radial excursion for the Kadomtsev profile, but the final current is somewhat lower. The stronger internal fields for the Kadomtsev profile makes the axial end loss of energy by electron conduction negligible compared to 5?70for the case of nG alpha-particle heating in the case of the polynomial profile, and as high as 25-3070 for the case of alpha-particle heating. For both profile cases considered, the initial plasma expansion, as driven by Ohmic heating, is turned around, and the plasma re-compresses to or beyond the original radius. It should be noted~hat the plasrna/circuit,s dynamics in this early expansion phase is not well modelled by the zero-dimensional model.
Without alpha-particle heating, the azsumed profiles set the time scale for the burn, wit h expected higher go~11.f and gDT values for the Kadomt sev profile reducing that time scale somewhat. Generally, wit bout alpha-part icle heating, Z'e & T'i for both profiles, but strong decoupling of T, and Ti (Z'i > T') is found with alpha-particle heating included for both profile cases. The impact of alpha-particle heating seems to be qualitatively the same for both profiles: to continue the radial expansion of the plasma column initially started by the Ohmic heating, Since go~~and gDT are larger for the peaked Kadorntsev profile, the "blow up" of the pinch is more rapid, and the adverse impact on Qp and S~is greater (factor of +8 reduction for the Kadomtsev profile compared to 2.7 for the polynomial profile), The polynomial profile also benefits from an enhanced axial energy-loss rate to help shed the alpha-particle energy deposited into the plasma.
Combining all these effects, along with~greater separation of 2" and Z_i when alphaparticle heating is included, gives the composite behavior summarize! on Figures 11 and 12 . CM the basis of these simulations, a "strawman" design point has been selected using the polynomial pressure profile [Eq, (2), v = 32]. This design is summarized on Table H for the cases with and without alpha-particle heating, The latter QP > 1 (aO = 15 pn, (?P= RC = 0.1 m) design (SN N 2 x 1017 n/pulse, 7L1= 100 ns,~B a O. i ) is used to project. the economics and general performance ( Iu, vers IJs 1~1P) of the DZP neutron source. However, it is emphasized that the burn dynamics of the DZP are complex, the present model uses only simplified models to described a limited ll~llllber of physical ]Jrocesses wld f{lt me work is required in this arm to understan{i Iwt ter illlportant tradeof~s between physics, technology, performance, and cost ,24
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PRELIMII?ARYE CONOMICS AND PERFORMANCE EVALUATION

Cost. Estimate
The DZP is a pulsed neutron source with significant time compression of the uncollided neutron flux. For exampie, the strawman design listed on Table II , with a 2 x 1017 n/pdse source strength delivered in TD a 100 ns, would for an average source strength of S~= 101g n/s have to pulsed at a frequency of u~50 Hz, giving a flux compression of #'C' s l/@TD & 2 X 10s. Some leeway exists for reducing FC towards values where radiation damage rate effects are less of a concern to the material scientists, but the DZP can never approfinlate a trllly steady-state sollrce of ne~ltrolls. Red~lctions in FC generally reduce the per-pulse neutron yield (e.g., burnup fraction, fB )and increase the repetition rate. While a few orders of magnitude reduction in FC are possible, the plasma Q-value decreases almost in proportion to fB and, consequently, the cost of these more "steady-state-like" neutrons increases.
The positive side~f this pulse nature is that these neutrons can be produced cheaply and fairly soon, give st~ccess of the DZP experiments presently coming on line at NRL (ZFX) and Los Alamos (HDZ?-11), Since the DZP neutron source differs little from these experimental devices, with the exception of the pulse rate, and since significant, costs are not anticipate in designing, building, and operating a 50-100 Hz DZP, cost, projection for this pulsed neutron source as summarized in Table III , should be fairly accurate. Table III gives only cost of the neutron source, per se. Before the generalized evaluation methodology described in Reference 29 can be applied to provide an overall, intercomparative figure-of-merit, the full capitai cost of the DZP neutron facility must be estimated. The total capital cost is expected to exceed considerably the device cost summarized in Table III , but unfortunately the design of the overall facility has not available in sufficient dehd to allow an accurate, "bottoms-up" cost estimate to be made. Consequently, an estimate of the total capital cost, CAP(M$ ), was made by scaling in size and power the more detailed estimates mode for the FTF/RFP.2g Table IV 
114.2*QP
(8)
This annual charge is used in the following expression f'cw a figure-of -nleritj I?OM, that, reflects the cost. of creating a given numhc: of total lattice clisplacemt=nt.s with neutrons.
In these expressions, N is the Ilmntwr of' people tieeded to operate the neut<roll sollrce,~Jf is the duty factor of the device, '1'13R is the trit illlll l)reeding mtic,, DF'A/T * 101,,,( MW/mz )
[raport]-zpinch-6/7 /S9-8 is the annual displacement rate, and V~zp(m3 ) is the experimental volume. Using the basecase values for these parameters listed in Table V , an annual charge of AC = 28 M$/year is estimated.
Performance Evaluation
In conducting a preliminary performance evaluation of the DZP neutron source, b~tt he pulse-rate issues and the neutron flux distribution through the test volume must be resolved.
Little detailed engineering has been devoted to the pulsed-rate issues, which center on: (a) power supply; (b) DT fiber injection; {c) electrode erosion; and (d) postdischarge evacuation of the discharge chamber.
Preliminary estimates of the plasma exhaust issue revealed no serious problem with evacuating the~~1 litre-torr of unburn DT fuel, helium ash, and impurities on a~10-3s timescale for the geometry depicted in Figure 5 and summarized in Table II . Likewise, no serious operational on cost problems could be identified with the power supplies, with the main concern being the lifetime of the switches used in the Marx bank [re: footnote (a) in Table III ].
A number of schemes for injecting the DT fiber into the discharge chamber on a *1O ms timescale have been considered, but none have been designed in sufficient detail to assure a good solution to this, along with electrode erosion, the greatest uncertainty with the DZP neutron course. Gravity feed of the frozen fibers would be adeqv.ate, continuous fiber extrusion with discharge "clipping" has been considered, or "blow-gun" injection using a gas-gun or electron-beam self-ablation drive are among the ideas being considered.
'l'he problem of electrode longevity represents another serious issue for the DZP neutron source, both in terms impact on plasma performance and the economics and with respect to the essential feasibilityy of the 10-100 I?: DZP. Preliminary estimates24 of impurity ingress into a /P & O.l-m pinch from a lithium electrode indicates that, for discharges less than z300 ns in duration, the lithium evaporated at each electrode would have insufficient time to impact the burn dynamics and neutron yield. The main problem then revolves around resolving :he geometry of a replenishable electrcde. Lithium liquid metal seem particularly appropriate for this purpose, because of the relatively low melting point (459 K) and the low atomic number. Continuously extruded lithium rods or liquid-lithium jets are being considered.
An example of the latter has been developed by NRL and is shown schematically in Figure 13 .
As noted previously, any attempt t.o ameliorate the pulsed nature of the DZP neutron source will decrease~B and therefore, QP; greaier input, power for a given source strength but the plasma Q-value would fall considerably below unity and the pulse rate would be in the kilo-Hertz range. By far the greatest physics uncertainty rests with attaining stable pinch times in the range NA = 2,000-4,000, although it should be noted t!lat ior ail caaes t' s mwnetic ReYnold's number, Rem = T~/TA, '3 only in the range of 2,000-4,000. Initial il~er melting, maintenance of pressure equilibrium, alpha-particle effects, the magnitude of plasma enthalpy endloss, and electrode impurity ingress present other important physics uncertain ies requiring further study. Given that operation at high neutron fluxes proves possible by increases in the pulse rate substantially above *1 Hz, minimizing the magnitude and cost of driver power, which is expected to be a main operational cost item, will require Qp m 1; this condition in turn translates into NA~4,000, with j~~0.05 and SN7c~0.8(10)17. As seen from Figure 11 , these conditions and requirements can become easier or be made more difficult, depending on profile effects and whether or not the +pha :mrticles couple energy/pressure to the pinch. Operation of the piuch beyond the Id = O cutoff enforced throughout this study will significantly increase the yield (burnup) and Q-value, although the MHD stability and technology required to "crowbar" the DZP represents an additional issue; it. is nevertheless encouraging that the kinds of yields and fuel burnup (2-10% with alpha-particle heating, larger without rdpha-particle heating) are theoretics.i~y possible during the current rise phase of 50-100 ns.
The main technical uncertainties are ones of energy transfer efficiency (as measured by Qp =~F/WM,Y and jL ), repetition rate, and damage rate effects [neutron flux time compressions in the range 105-10°]. While the DZP is inherently a pulsed neutron source! not unlike thoce expected from inertial confinement fusion, 31-92 the pulse rate must be sufficiently high to allow operation at a thermal steady state with little or no (uncontrolled) temperature oscillation occurring in the test samples. Pulse rates of the order of~1 Hz in this regard should be sufficient from an engineering viewpoint, except possibly for smallscale sample tests.
Related to this pulse-rate issue from an operational point. of view is the ability to remove the unburned DT gas (-0 10 t' torr), the maximum injection rate of fresh DT fibers, and the pulsed-power requirements ( 1.5-2.0 MA at V = 2-5 MV). Other issueo related to repetition rate are associated with switching of the Marx gem ators used to drive the high-voltage waterline, power reflections and dissipation thereim, and electrode erosion and fat igue damage. High-repetition-rate Marx banko are availrtble,s' akif at lower energies then req~tired. Most of these pulse-rate technical issues appear amendable to reasonable technical solution within realistic cost and tinw rrmstraints, although more detailed designs are required. prototype~neutron-source-facility; the nm.hl components tkt would be tested and developed are indicated.
A properly direct program of this kind should take approximately three years to provide a continuously operating 10 ls -10lg n/s neutron source, given the physics of 13ZP stability allows the 1>0 pinch to heat at nominally constant radius for 4,0005,000 radial Alfv6n times, The use of nominal existing and relatively uncomplex technology (no high-current accelerator, no high-power neutral beams, no high-field mag-I]ets, no high heat,/part icle-flux surfaces, etc. ) promises a relatively inexpensive and rapid deployment of this pulse source of WI' fusion neutrons.
In summary the DZP concept is emerging with new excitement, generated by experimental sustainment times that, go fw beycmd those predicted by MHD stability theories. Much of this progress can be attributed to a greater appreciation of the role played by the earl y formation and internal structure of the pinch, although much rrmains to be understood in this area.27 The focus of ongoing efforts will be on understanding the implications of these formation and structural aspects of the DZP, as well as the impact of the driver circuit, in so far as they determine the operation of a high-Q, trmwitory (~& O) source of fusion neutrons. (1) and (2)] qxamined by parametric design study. Figure 7 . Interdependence of wat.wlin~ch~acteristics as a function of discharge time using the geometric described on Figure 5 and Eqs. (3)- (7). Taken froni Table 111 (6) 8% of total of above items. Irradiation time to achieve DPA, T(yr) 1.0
7.O(Q'
Norrna!ized dpa rate, DPA/IwT(dpu m2/MW/W) 10.
[raport]-xpineh-6/7 /W-22 
